We have measured the cross sections for π 0 π ± photoproduction on the nucleon in the deuteron with an electromagnetic calorimeter system, FOREST, at the Research Center for Electron Photon Science, Tohoku University, Japan. The incident photon energy ranges from 570 to 1150 MeV, corresponding to the γN center of mass, W γN , from 1400 to 1750 MeV. The baryon resonances coupling to ρ + n and ρ − p are observed as intermediate states together with ∆-Kroll-Ruderman background components. The angular distributions for the produced ρ + and ρ − mesons are convex downward and upward at high energies (W γN ∼ 1720 MeV), respectively.
Introduction
Baryon spectroscopy is an important subject in the non-perturbative domain of the quantum chromodynamics (QCD). Highly excited nucleon and delta resonances have a large branching ratio of ππN decay modes and hardly couple to πN, and they have not been well investigated via elastic πN scattering. Double π photoproduction is expected to be an alternative probe to study them. So far, only MAMI experiments reported the cross sections for π 0 π + photoproduction on the proton [1] . These experiments cover the baryon masses below 1550 MeV because the maximum incident photon energy is 820 MeV. The γ p → π 0 π + n and γn → π 0 π − p reactions on the proton and deuteron were measured at the Research Center for Electron Photon Science (ELPH), Tohoku University for the photon energies below 1150 MeV [2, 3] corresponding to the baryon masses below 1750 MeV.
Experiment
Bremsstrahlung photons were used as a beam, being generated with a thin carbon wire inserting into the 1200 and 920 MeV circulating electrons in a synchrotron called STretcher Booster (STB) ring [4] . Each photon was energy-tagged measuring the momentum of the corresponding post-bremsstrahlung electron with a photon tagging counter, STB-Tagger II, in a bending magnet of the ring [2] . The targets used were liquid hydrogen and liquid deuterium with a thickness of 45 mm [5] . All the final-state particles, π ± , two photons from the π 0 decay, n and p, are detected with an electromagnetic calorimeter complex, FOREST [6] . FOREST consists of three different EM calorimeters: the forward, central, and backward calorimeters consisting of 192 pure CsI crystals, 252 lead scintillating fiber modules, and 62 lead glass Cherenkov counters, respectively. The typical energy resolutions of the forward, central, and backward calorimeters are 3%, 7%, and 5% for 1-GeV photons, respectively. A plastic scintillator (PS) hodoscope is placed in front of each calorimeter to identify the charged particles. The solid angle of FOREST is approximately 88% in total. The typical tagging rates were 20 and 2.8 MHz for 1200 and 920 MeV circulating electron modes, which covered the tagging energies of 740-1150 and 570-890 MeV, respectively.
Analysis
Events detected in the final state containing two neutral particles, a charged particle, and a nucleon were selected. A neutral pion was identified via its decay into γγ, where the time difference between two neutral clusters was required to be less than 3σ t , where σ t denotes the time resolution for the difference depending on the modules and their measured energies for the two clusters. Fig. 1(a) shows the γγ invariant mass distribution. A clear peak corresponding to the neutral pion was observed, and the events in which the mass from 50 to 220 MeV were selected as neutral-pion production.
The events containing the charged pion and proton were selected utilizing ∆E-E correlation between the hodoscope and corresponding calorimeter. Fig. 1(b) shows the typical ∆E-E correlation between the forward hodoscope and calorimeter. Two loci corresponding to the charged pion and proton are observed clearly. The events in the depicted region were selected as charged-pion
PoS(INPC2016)267
Simultaneous Photoproduction Of Neutral And Charged Pions On The Deuteron At ELPH Takatsugu Ishikawa and proton production. The events containing the neutron was selected utilizing the time delay with respect to the average timing of the two photon detection. Fig. 2(a) shows the time delay of a cluster from the two-photon timing. Bumps corresponding to the neutron are observed clearly both for the forward and central calorimeters. Events in which the time delay larger than 1.5 and 1.0 ns were selected as neutron production for the forward and central calorimeters, respectively. A kinematic fit with four constraints (4C) was applied for the further event selection of the γN ′ → π 0 π ± N reaction. The kinematic variables in the fit were the incident photon energy, and the three-momentum of the four final-state particles for the hydrogen target. Since the velocity of the charged pion is close to the speed of light, the absolute value of the momentum was treated as unmeasured. The required constraints were energy and three-momentum conservation between the initial and final states and the γγ invariant masses (the neutral-pion rest mass, m π 0 ). The five constraints and a unmeasured variable give four constraints in total. Events in which the χ 2 probability was higher than 0.1 were selected. Fig. 2(b) shows the χ 2 probability distribution of the 4C
Simultaneous Photoproduction Of Neutral And Charged Pions On The Deuteron At ELPH Takatsugu Ishikawa kinematic fit. Because accidental coincidence events exist between the photon-tagging counter and FOREST, sideband background subtraction was performed. The (x, y, z) components of the Fermi motion were added as kinematic variables for the deuterium target, and they were assumed to be measured with a resolution of 40 MeV/c.
Results for the hydrogen target
In this section, the results for the hydrogen target are given at first. The total cross section was obtained as a function of E γ . Here, the detector acceptance correction and neutron efficiency correction were made. The acceptance was estimated for each M π 0 π + and M π 0 n bin using a Monte Carlo simulation based on Geant4 [7] . The detection efficiency for the neutron was estimated using the real data, and it was corrected artificially in the simulation. Figure 3 shows the total cross section as a function of E γ . The obtained total cross sections are consistent for two circulating electron energy modes, and with the previous Mainz data [1] obtained for E γ < 820 MeV. Although they are consistent with the 2-PION MAID calculation [8] below the incident energy of 750 MeV, they are much smaller than the calculation results above 750 MeV. To investigate the reaction mechanism, the correlation between two invariant masses for the two final-state particles of three. Fig. 4 shows the typical correlations between π 0 π + , π + n, and π 0 n invariant masses. The event concentration at a π 0 n invariant mass of the ∆ mass was clearly observed, suggesting sequential π + and π 0 emission exists called ∆-Kroll-Ruderman term, namely the γ p → π + ∆ 0 reaction, in which the contact term is dominant, with the successive ∆ 0 → π 0 n decay. Fig, 5 shows the π 0 π + , π + n, and π 0 n invariant mass distributions. Although a consistent result was obtained at W ∼ 1520 MeV where the D 13 (1520) nucleon resonance is dominant, the calculation was overestimated approximately twice at W ∼ 1680 MeV. More stronger peak is observed in the π 0 n invariant masses, suggesting the contribution form the ∆-Kroll-Ruderman term is larger.
An enhancement in the higher π 0 π + invariant mass is also observed, suggesting the ρ + meson is produced directly or from the decay of intermediate baryon resonances. The angular distribution
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Simultaneous of the emitted ρ + meson was obtained. Here, evens in which the π 0 π + invariant mass was higher than 650 MeV were assumed that the ρ + meson was produced. Fig. 6 shows the typical differential cross section of ρ + production. The angular distributions were convex downward, suggesting that a baryon resonance with higher J exists.
Results for the deuterium target
In this section, the results for the deuterium target are given. The total cross section was obtained as a function of E γ in the similar way to the hydrogen target. Figure 7 shows the total cross section as a function of E γ . Both the total cross sections are smaller at W ∼ 1520 MeV thatn that for the γ p → π 0 π + n reaction for the hydrogen target. In this energy region, the γn ′ → π 0 π − p reaction have higher cross section than the γ p ′ → π 0 π + n for the deuterium target. At high energies, the γn ′ → π 0 π − p reaction have lower cross section than the γ p ′ → π 0 π + n, which is almost the same as the γ p ′ → π 0 π + n for the hydrogen target.
To investigate the reaction mechanism, the correlation between two invariant masses for the two final-state particles of three. Fig. 8 shows the typical correlations between π 0 π + , π ± N, and π 0 N invariant masses. The event concentration at a π 0 N invariant mass of the ∆ mass was also clearly observed, suggesting sequential π ± and π 0 emission (∆-Kroll-Ruderman term) exists.
An enhancement in the higher π 0 π ± invariant mass is also observed, suggesting the ρ ± meson is produced. The locus corresponding to the ρ − production seems weaker than that to the ρ + production. The angular distribution of the emitted ρ ± meson was obtained, where evens in which the π 0 π ± invariant mass was higher than 650 MeV were assumed that the ρ ± meson was produced. Fig. 9 shows the typical differential cross section of ρ ± production. The angular distributions were also convex downward for the γ p ′ → π 0 π + n reaction, suggesting that a baryon resonance with higher J exists. And the angular distributions were also convex upward for the γ p ′ → π 0 π + n reaction, suggesting that a baryon resonance with J = 3 exists.
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Summary
We measured the cross sections for π 0 π ± photoproduction on the nucleon with FOREST electromagnetic calorimeter at ELPH. The incident photon energy ranged from 570 to 1150 MeV, corresponding to the γN center of mass from 1400 to 1750 MeV and upward at high energies (W γN ∼ 1720 MeV), respectively.
